Abstract Fixed welding tests were performed to investigate deoxidization during submerged arc welding and to develop a model for it. For all the chemical compositions of the fluxes used, the oxygen content of the weld metal decreased with increasing arcing time in the initial stage of welding. The oxygen content of the weld metal eventually became constant; this is assumed to be a quasi-equilibrium state. Both the rate of reduction of the weld metal oxygen content and the oxygen content of the quasi-equilibrium condition depend on the chemical composition of flux. The weld metal oxygen content in the quasi-equilibrium condition can be estimated thermodynamically. In addition, the rate of reduction of the weld metal oxygen content satisfies the following equation.
Introduction
In recent years, high-strength pipelines are increasingly being used to reduce the material cost of pipelines by making their walls thinner and to reduce the transport costs of natural gas by transporting it at a higher pressure. Since most pipelines are installed in cold regions, the weld metal requires lowtemperature toughness. Reducing the oxygen content of weld metal improves its toughness because increasing the Charpy upper shelf energy reduces the volume of inclusions, which act as origination for ductile fracture [1] . The oxygen content of submerged arc weld metal is conventionally predicted from the flux basicity [2] [3] [4] . For example, Eagar investigated the relationship between the flux composition and the weld metal oxygen content and derived an equation to estimate the weld metal oxygen content from the flux basicity [2] . However, the oxygen content varies greatly at low basicities, while the dependence between the oxygen content and the flux basicity is unclear at high basicities.
The present study investigates the deoxidization process during submerged arc welding and proposes a model for determining the weld metal oxygen content. This study investigates how the weld metal oxygen content varies with the arcing time by fixed welding (in which the welding torch is fixed), demonstrates the correlation between the flux property of slag viscosity and weld metal oxygen content, and proposes a model for determining the weld metal oxygen content using thermodynamic and kinetic calculations.
Experimental

Fixed welding test
To investigate how the weld metal oxygen content varies with the arcing time, fixed welding (in which the welding torch is fixed) was conducted. Commercial carbon steel-base metal was worked to a thickness of 25 or 60 mm, a width of 150 mm, and a length of 150 mm. The welding wire was 4 mm in diameter. Table 1 lists the chemical compositions of  the base metal and welding wire and Table 2 shows that of the flux used in the fixed welding tests.
Fixed welding was performed by fixing the location of the welding wire at the center of the base metal and surrounding the base metal with blocks to prevent molten slag leaking during welding. The following welding conditions were used: a current of 850 A, a voltage of 42 V, and arcing times in the range of 2-400 s. The height from the wire tip to the surface of the base metal was set to 35 mm up to an arcing time of 60 s and to 50 mm after 60 s to prevent the melting wire from contacting the molten metal. Figure 1 shows a schematic illustration of fixed welding. Figure 2 shows photographs of the test specimens after fixed welding (arcing time of 100 s). After welding, the mass of slag and deposited metal was measured and the oxygen content of the weld metal was determined by chemical analysis.
Measurement of molten pool temperature
The temperature of the molten pool of fixed welding was measured using a tungsten-rhenium thermocouple. As shown in Fig. 3 , the thermocouple was set at a depth of 20 mm below the center of the base metal surface.
Results and discussion
3.1 Effect of arcing time on weld metal oxygen content Figure 4 shows the effect of the flux composition on deoxidization of the weld metal during fixed welding.
For all three chemical compositions of the flux, the weld metal oxygen content decreases with increasing arcing time in the initial stage of welding. The weld metal oxygen content eventually became constant; this is assumed to be a quasi-equilibrium state. The oxygen content of weld metal in this quasi-equilibrium state, the oxygen content immediately after the commencement of welding, and the reduction rate of the oxygen content of the weld metal all depend on the chemical composition of the flux.
Results of molten pool temperature measurements
The measured molten pool temperature fluctuated (from 1,848 to 1,998 K), but its average temperature was 1,923 K. Figure 5a shows the measured masses of slag and deposited metal (it was determined by the consumption of welding wire) for fixed welding with flux A as a function of arcing time; the measured masses of slag and deposited metal increases with increasing arcing time. In addition, the mass fraction of slag to deposited metal decreased with increasing arcing time (Fig. 5b ). It 3.4 Estimate of weld metal oxygen content in quasi-equilibrium state Figure 4 shows that the oxygen content of the weld metal decreases with increasing arcing time in the initial stage of welding and that it eventually becomes constant in what is assumed to be a quasi-equilibrium state. This behavior suggests that the deoxidization reaction reaches equilibrium in molten slag and molten metal. In addition, the weld metal oxygen content in the quasi-equilibrium condition depends on the chemical composition of the flux. Therefore, we estimated the oxygen content of the molten metal in the equilibrium condition between the molten slag and molten metal using thermodynamic calculation software (FactSage) and the estimated and experimental oxygen contents were compared. In the thermodynamic calculation, the temperature and mass fraction of the slag to the deposited metal were respectively taken to be 1,923 K and 1.0 based on experimental results. In addition, the chemical composition of the molten metal used in the equilibrium calculation (see Table 3 ) was determined from a dilution ratio of the base metal in fixed welding. Figure 6 shows the relationship between the experimental and estimated oxygen contents. The data point indicated by the arrow indicates the flux for which the oxygen content of the weld metal had not reached the quasi-equilibrium condition in this experiment. If the oxygen content of the weld metal had reached the quasi-equilibrium state, the experimental oxygen content would have been lower. With the exception of the data point indicated by the arrow, the estimated oxygen content approximately corresponds to the experimental oxygen content. This demonstrates that the weld metal oxygen content in the quasi-equilibrium state can be estimated thermodynamically.
Effect of arcing time on masses of slag and deposited metal
Modeling of deoxidization of weld metal in fixed welding
As shown in Fig. 4 , the oxygen content of the weld metal decreases with increasing arcing time in the initial stage of welding and it eventually becomes constant in what is assumed to be a quasi-equilibrium state for all Before slag removal After slag removal a b The rate of Si and Si-Mn deoxidization in TIG arc melting has been described by a linear reaction rate equation [5] . In addition, the deoxidization reaction between acidic slag and high-oxygen-content iron has been described by a linear reaction rate equation [6] . These experimental results suggest that it may be possible to describe the deoxidization of a submerged arc weld metal by molten slag under arc welding by a linear reaction rate equation. Therefore, we describe the deoxidization of weld metal during fixed welding by Eq. (1). When the flux for which the weld metal oxygen content has not reached a quasi-equilibrium state in this experiment, [O] e is determined by a thermodynamic calculation between the molten slag and molten metal. It is based on the result obtained in the previous section. Fig. 4 and the arcing time. This relationship is linear. This confirms that deoxidization of submerged arc weld metal can be described by Eq. (1) . In addition, it shows that coefficient k depends on the chemical composition of the flux. Figure 8 shows the relationship between the coefficient k and slag viscosity. For all flux basicities, this relationship is linear and coefficient k decreases with increasing viscosity of the molten slag. This tendency was confirmed by the following discussion and Fig. 9 .
We assume that deoxidization of a submerged arc weld metal proceeds by a reaction at the interface between the molten slag and molten metal during stirring. Increasing the slag viscosity will reduce the stirring rate of the molten metal due to the increasing resistance at the interface between the molten slag and molten metal. Therefore, coefficient k (i.e., the deoxidization rate) is expected to decrease with decreasing stirring rate of the molten metal.
These results suggest that it may be possible to predict the oxygen content of submerged arc weld metal by the following procedure (see Fig. 10 ). In the real moving heat source, such as during actual submerged arc welding, it may be considered that the arcing time is equal to the melting time of the weld metal. If the model is applied to real welding, it is necessary to change the arcing time to the melting time of the weld metal.
Conclusions
This study clarified the deoxidization that occurs during submerged arc welding and proposed a model for determining the weld metal oxygen content. The conclusions are listed below.
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